■ INTRODUCTION
Molecular dynamics (MD) simulations have been successfully used to study the structure and dynamics of biomolecular systems. 1−4 However, the large computational effort of conventional all-atom (AA) MD simulations severely limits the accessible length and time scales. Coarse-grained (CG) models that combine several atoms into CG beads have been developed that can increase computational efficiency by up to several orders of magnitude. 5−7 Such particle-based CG models have been applied to a broad range of biomolecular processes, such as lipid bilayer structure and dynamics, 8−12 protein folding, 13, 14 and protein−lipid 15−17 as well as protein−protein interactions. 18−28 Despite this success, the reduced accuracy due to the inherent simplifications still limits the systems and processes that can be studied with CG models.
The aim of multiscale modeling is to overcome these limitations by combining different levels of resolution. Multiscale methods can be classified into sequential (or serial) and hybrid (or parallel) approaches. 29 Sequential methods use information obtained at a higher level of resolution, for example AA, to parametrize a lower-resolution model, for example CG. 12, 29, 30 Inverse mapping (or back-mapping) methods generate structures at a high level of resolution from their low-level counterparts. 31−39 By contrast, in hybrid methods, particles described at different levels of resolution are present simultaneously in the same simulation, thus requiring direct interactions between them. This can for example be implemented by spatially partitioning the simulation system into different regimes. In fixed-resolution AA/CG methods, a predefined set of atoms or molecules is described at the AA level, whereas a CG model is used for the remainder of the system, analogous to conventional quantum mechanics/ molecular mechanics (QM/MM) methods. 40, 41 Reducing computational cost is a main goal of multiscale modeling.
Hence, a CG description of the solvent molecules is particularly appealing, since these usually represent the largest part of the system.
A key challenge in hybrid modeling is how to couple the different levels of resolution, i.e., how to describe the AA/CG interactions. Shi and co-workers 42 reparametrized the AA/CG interactions through force matching 12, 43 to simulate an atomistic transmembrane peptide in a CG environment. A different approach was followed by Michel and co-workers. 44, 45 Mixed AA/CG Lennard-Jones interactions were derived using standard mixing rules, and mixed charge−charge and charge− dipole interactions were calculated using the standard formulas employed in the pure models. Additional scaling parameters were found to be necessary for both Lennard-Jones and electrostatic AA/CG interactions, with the optimal scaling parameter depending on the system. Masella and co-workers 46 ,47 combined a polarizable pseudoparticle solvent with a polarizable atomistic force field. In this model, the solvent dipoles only interact with the solute, not with themselves. In all the above studies, models that map one water molecule to one CG bead were used, thus limiting the computational speedup with respect to a fully atomistic treatment. Rzepiela and coworkers 48 devised a hybrid model in which the MARTINI force field 49 was used for the CG part. Since a single CG water bead represents four water molecules in the MARTINI model, a significant gain in computational efficiency could be achieved. For the mixed AA/CG interactions, virtual CG interaction sites were introduced on groups of solute atoms. The forces on these virtual CG sites due to the surrounding, described at the level of the CG force field, were redistributed over the atomistic particles. A drawback of this approach is that the standard MARTINI water model is a pure Lennard-Jones fluid and thus cannot mediate any explicit dielectric screening. Due to this limitation, Rzepiela and co-workers 48 introduced a relative dielectric permittivity, ε r , to uniformly screen the AA−AA Coulomb interactions. It was found that the value of ε r required for dialanine in apolar solvent differs from that in water, implying that this approach cannot be used for simulations of large heterogeneous systems, such as proteins, in which the electrostatic interactions between protein atoms are screened not only by the solvent but also by other protein atoms. Electrostatic coupling was also not included in the original model of Han and co-workers, 50 −52 who combined a unitedatom model that does not include any partial charges with the MARTINI model. The mixed Lennard-Jones interactions were reparametrized such that experimental solvation free energies of small organic compounds were reproduced. In a recent extension, 53 partial charges were introduced for charged amino acid side chains. However, AA and CG subsystems still did not interact through Coulomb potentials, since the standard Lennard-Jones MARTINI water model was used. All electrostatic interactions were screened by a uniform dielectric permittivity of ε r = 15, the value used in the MARTINI force field. Notably, this approach enabled folding simulations of several small proteins. 53 Very recently, Riniker and coworkers 54 presented a model with explicit electrostatic coupling of AA and CG subsystems. A polarizable two-site CG dipole water model representing five atomistic water molecules was used. 55 Using mixtures of atomistic and CG water molecules, the dielectric permittivity for the AA/CG Coulomb interactions, ε r (AA−CG), was adjusted, while AA/CG LennardJones interactions were derived from standard combination rules. 54 From structural analysis of 20-ns MD simulations of four small proteins in CG water, it was concluded that there are no large differences compared to fully atomistic simulations, apart from an increased tendency to form protein−protein hydrogen bonds. 56 In the above models, entire molecules were assigned to either the AA subsytem or the CG subsystem. In the AA/CG approach of Neri and co-workers, 57 the active site of a protein was described atomistically and the remainder was described with a CG model. An interface region was introduced to embed the AA subsystem into the CG protein. Mixed AA/ CG electrostatic interactions were not accounted for, since a simple Go-type CG model was used and explicit bulk solvent was neglected.
In contrast to the above fixed partitioning methods, in which the assignment of the particles to the AA and CG regimes cannot change during the simulation, adaptive resolution methods allow molecules to change resolution on the fly, depending on their spatial coordinates.
58−61 Applications of adaptive AA/CG methods thus far mainly focused on rather simple test systems, 62 with recent extensions toward solvated polymers 63, 64 and adaptive QM/MM. 64−66 An alternative to the spatial partitioning schemes are Hamiltonian exchange methods, in which different representations of a system evolve concurrently and can swap resolution. At least partly owing to their conceptual complexity, such methods have hitherto only been applied to alkanes and small peptides. 67−69 In this work, we investigate the effect of including an explicit electrostatic coupling of AA and CG subsystems in hybrid AA/ CG simulations employing the MARTINI model 49 for the CG part. MARTINI was parametrized for various biomolecules, such as lipids, 49 proteins, 70 and carbohydrates, 71 thus enabling a broad range of possible applications. Recently, two CG water models that can be used in conjunction with the MARTINI force field were developed that include (partial) charges and thus explicitly screen the Coulomb interactions: the polarizable MARTINI water (PW) model 72 and the big multipole water (BMW) model. 73, 74 Like standard MARTINI water, both models use a 4-to-1 mapping of AA to CG water molecules and thus provide a substantial computational speedup compared to simulations with atomistic solvent. In the hybrid model presented here, we combined the PW and BMW models with different parameter sets of the Gromos force field 75−77 for the solutes. AA and CG subsystems directly interact via Coulomb potentials, which were adjusted through the relative dielectric permittivity, ε r (AA−CG). To assess the quality of the hybrid model, potentials of mean force (PMFs) between small solutes in water, such as the Na + /Cl − ion pair and amino acid side chain analogues, were compared to the fully atomistic (using the SPC/E water model 78 ) and fully CG simulations. In addition, we tested a hybrid model recently proposed by Riniker and co-workers. 54, 56 We also investigated the different models in terms of partitioning free enthalpies of uncharged amino acid side chain analogues between water and apolar solvent. Furthermore, hybrid simulations of atomistic proteins (or polypeptides) embedded in a CG environment were compared to fully atomistic simulations. The systems chosen for this purpose are the GCN4-p1 peptide and ubiquitin in water, the WALP23 transmembrane α-helix embedded in a dipalmitoylphosphatidylcholine (DPPC) lipid bilayer, and the transmembrane part of the mechanosensitive channel of large conductance (MscL) embedded in a dioleoylphosphatidylcholine (DOPC) bilayer.
The rest of the article is organized as follows: First, we describe the hybrid model and simulation setup. We then ■ METHODS Hybrid Model. We will first briefly describe the concept of the previous scheme of Rzepiela and co-workers 48 and then line out the extension to our new model. The general idea of hybrid AA/CG models is to describe a part of the system atomistically, while modeling the rest with an efficient CG force field. In the previous model of Rzepiela and co-workers, 48 the interactions between particles belonging to the same resolutions (i.e., AA− AA and CG−CG) were described by the respective "pure" force fields without further alterations. The coupling between the different levels of resolution, i.e., the AA−CG interactions, was described at the CG level. This was achieved through virtual CG interaction sites placed at the center of mass of the corresponding atomistic particles (according to the AA/CG mapping). The forces acting on the virtual sites due to the CG potentials were distributed over the corresponding atomistic particles such that the total force and torque are conserved. Interactions between virtual sites, interactions between virtual sites and atomistic particles, and direct interactions between atomistic and CG particles were excluded. This approach is simple and modular: Ideally, it does not require the parametrization of any AA−CG cross-interactions and in principle it enables the combination of any AA and CG force fields.
The new hybrid AA/CG scheme presented here includes explicit dielectric screening of the AA−AA interactions due to the charged CG particles, which requires direct Coulomb interactions between AA and CG particles. This was put into action by using reaction field potentials and forces, 79 V rf = q i q j / (4πε 0 ε r )(r ij −1 + k rf r ij 2 − c rf ) and F rf = q i q j /(4πε 0 ε r )(r ij −2 − 2k rf r ij ), respectively, with k rf = r c −3
(ε rf − ε r )(2ε rf + ε r ) −1 and c rf = r c −1 + k rf r c 2 . Here, q i and q j are the charges on particles i and j, respectively, r ij is the distance between the charges, ε 0 is the vacuum dielectric permittivity, ε r is the relative dielectric constant, ε rf = 78 is the dielectric constant of the continuum, and r c = 1.4 nm is the cutoff. To apply different ε r 's for the different interactions (AA−AA, CG−CG, and AA−CG), the above potential and force were tabulated, with a spacing of 0.002 nm. The values used for the relative dielectric constant were ε r = 1 for the AA−AA interactions and ε r = 2.5, 1.3, and 15.0 for the CG−CG interactions in PW, BMW, and standard MARTINI water, respectively. We systematically varied ε r for the AA−CG interactions to adapt the strength of the electrostatic coupling; see below. Charges on virtual CG sites (but not on regular CG particles) were put to zero; virtual CG sites were thus only used for the AA−CG Lennard-Jones interactions.
The PW 72 and BMW 73 CG water models were applied, which were parametrized to be used together with the MARTINI force field. Other CG water models for including dielectric solvation effects have been developed, 55, 80, 81 but not in conjunction with MARTINI; these were therefore not considered here, apart from the model of Riniker and van Gunsteren, 55 see below. Figure 1 illustrates the basic AA/CG scheme for the example of a small AA molecule surrounded by CG water. The PW model 72 comprises an uncharged central Lennard-Jones bead and two satellites with opposite charges (±0.46e) that form the dipole. An angle potential between the three beads makes PW polarizable (orientational polarizability). By contrast, in the BMW model, all three particles are charged (−2e on the central bead, +1e on the satellites) and thus form a multipole. All internal degrees of freedom of the BMW water are constrained; i.e., it is a rigid model. The satellite beads in PW and BMW do not interact with other particles via LennardJones potentials; i.e., there is no short-range Pauli repulsion. This is no problem in the CG simulations, because the charged sites are well within the excluded volume of the central particle ( Figure 1 ). However, in the AA/CG simulations, overlapping charged AA and CG particles led to numerical instabilities. To avoid this polarization catastrophe, a short-ranged repulsion was introduced between the charged CG water satellites and atomistic particles, with a Lennard-Jones C 12 parameter of 10 To test this choice, the PMF between lysine and glutamate side chain analogues was recalculated using an extremely short-ranged repulsion of C 12 = 10 −12 kJ mol −1 nm 12 , which yielded the same PMF within the statistical error.
Simulation Setup. All simulations were performed with the Gromacs MD simulation package (version 4.5). 82 In the atomistic simulations, and for the atomistic subsystems in the hybrid simulations, the Gromos parameter sets 53a6 77 (Na + / Cl − , amino acid side chain and backbone analogues), 43a2 75 (GCN and WALP23), and 45a3 76 (ubiquitin and MscL) were used. The MARTINI force field (version 2.1) 49, 70, 72 was used for the CG (sub)systems. In the simulations with atomistic solvent, the SPC/E water model 78 was used. The temperature was kept constant at 298 K by using leapfrog stochastic dynamics 83 (SD integrator in Gromacs) with an inverse friction constant of τ T = 2 ps. The pressure was kept constant at 1 bar with a Berendsen barostat 84 (time constant τ p = 1 ps). The integration time step was 2 fs (20 fs in the fully CG simulations), constraining bond lengths with LINCS 85, 86 (and SETTLE, 87 for SPC/E). Nonbonded interactions within 1.4 nm were calculated at every time step, and the charge group based neighbor list was updated every 10 steps within this cutoff (every five steps in the fully CG simulations). As described above, a reaction field contribution was added to the electrostatic interactions beyond the long-range cutoff. For the van der Waals interactions, Lennard-Jones (LJ) 6,12 potentials were used. For the AA−AA LJ interactions, a plain cutoff of 1.4 nm was applied, whereas the CG−CG and virtual site−CG LJ potentials were smoothly shifted to zero between 0.9 and 1.2 nm. The BMW−BMW van der Waals interactions were described with a soft Born−Mayer−Huggins potential. ], where ⟨f c ⟩ r is the ensemble average of the constraint force between the centers of mass of the two molecules that are separated by a constraint of length r, and R m is the maximum distance up to which the PMFs were calculated. A relative free energy of zero was assigned to the configuration at R m . The LINCS algorithm 85, 86 was used to constrain the distance between the two molecules. The basic distance spacing was 0.05 nm; additional points were introduced where necessary. Thus, ca. 40 constraint simulations were necessary to cover the typically sampled distance range from 0.25 nm up to R m = 2.2 nm. To generate starting structures, solvated configurations at each 0.05 nm were generated and energy minimized (steepest descent, 1000 steps). The sampling time was 10 ns at each constrained distance, the first 100 ps of which were discarded in the analysis of ⟨f c ⟩ r . Statistical errors were estimated from the limiting values of the block averages, as described by Hess 89 and implemented in the g_analyze tool of Gromacs. Two additional tests were done to check and validate our PMF calculations. First, to investigate the influence of the limited sampling time, the PMF between two AA serine side chains in PW was calculated using a sampling time of 100 ns at each distance, which, within the statistical error, yielded the same PMF as with 10-ns sampling. Second, an extended 5000-ns MD simulation of two mobile (i.e., unconstrained) CG phenylalanine side chains solvated in PW was carried out, and the PMF was calculated from the pair correlation function g(r) according to V mf = −k B T ln g(r). The obtained PMF was virtually identical to the one from the distance constraint simulations. We used the constraint method because it provides equal sampling of all relevant configurations, including the energy barriers, and is thus computationally more efficient than the brute force approach. 90, 91 The validity of the PMFs at the fully atomistic and fully CG level reported here is further supported by the agreement with recently published data. 92 Thermodynamic integration (TI) calculations were carried out to determine the free enthalpies of solvation in CG water and in CG butane. In these calculations, single amino acid side chain analogues were solvated with 160 CG water or butane molecules in a periodic rhombic dodecahedron unit cell. We restricted our study to the amino acid side chains that are uncharged at pH 7; in addition, Ala, Gly, His, and Pro were not considered. In the TI calculations, all nonbonded interactions between solute and solvent were turned off using a coupling parameter λ. Soft-core potentials were used for the nonbonded interactions, 93 
1/6 , with potential height α = 0.6, interaction range σ = 0.3 nm, and λ power p = 1. 94, 95 A spacing between the λ-points of 0.05 was used; thus 21 λ-points span the entire range between λ = 0 (fully coupled state) and λ = 1 (fully uncoupled state). To generate initial configurations, the solutes were solvated at the correct density and energy minimized at the respective λ-point (1000 steps steepest descent). The sampling time was 500 ps at each λ-point, the first 100 ps of which was discarded in the analysis of dG/dλ. Statistical uncertainties were estimated using block averaging, analogous to the PMF calculations described above; in general, statistical errors were below 2 kJ/mol. In the hybrid AA/CG TI calculations, reaction field electrostatics was used, as done in all PMF calculations and described above. A different approach was adopted in the TI calculations at the fully CG level: For the CG solutes in PW, the MARTINI shifted cutoff scheme was used. For the CG solutes in BMW, particle-mesh Ewald 96 with a grid spacing of 0.2 nm was used, as suggested by Wu and co-workers. 73, 74 This procedure was followed to be able to quantitatively compare our free enthalpies to the literature. 72, 74 The dG/dλ curves were integrated using the trapezoidal rule. As an independent test, Bennett's acceptance ratio method 97 was applied, as implemented in the g_bar tool of Gromacs. The results obtained with both methods were the same within the statistical errors. Furthermore, to test a possible influence of the number of solvent molecules, the TI calculations of the atomistic Ser and Trp side chain analogues were repeated in large boxes containing 600 (instead of 160) PW molecules, again yielding the same results.
For the simulations of the GCN4-p1 peptide, the first structure from the NMR bundle in PDB 2OVN 98 was taken and solvated with 1826 SPC water molecules or 1000 PW water beads, respectively, in a periodic cubic simulation box. Counterions were not added, because the simulated GCN peptide had no net charge, thus circumventing any possible artifacts due to counterions (see below). After energy minimization (1000 steps steepest descent), the water was equilibrated with positional restraints on the protein heavy atoms (force constant 1000 kJ mol
). Finally, 100-ns free MD simulations were carried out in the NPT ensemble by coupling to a pressure bath at 1 bar (τ p = 0.5 ps) and temperature bath at 300 K using the velocity rescaling thermostat of Bussi and co-workers 99 with a time constant of τ T = 0.1 ps.
For the ubiquitin simulations, the protein structure was taken from PDB 1UBI 100 and solvated with 9260 SPC molecules or 2315 PW water beads in a periodic rhombic dodecahedron box. Also in this case, the simulation box was uncharged and thus no counterions were added. The rest of the simulation setup and parameters were identical to GCN described above.
To set up the simulations of the WALP transmembrane (TM) peptide, a single atomistic WALP23 peptide was embedded in a CG bilayer comprised of 368 DPPC molecules, solvated by 3379 CG water beads. The PW, BMW, and standard MARTINI water models were used; thus three AA/ CG simulations were carried out in this case. In the simulations with the standard (Lennard-Jones only) MARTINI water model, the original scheme of Rzepiela et al. 48 was applied; i.e., there were no direct Coulomb interactions between the CG (zwitterionic PC headgroups) and AA subsystems. The lateral and normal box vectors were separately coupled to a pressure bath at 1 bar (semi-isotropic coupling scheme, τ p = 0.5 ps), and peptide, DPPC, and water molecules were coupled separately to a velocity rescaling thermostat 99 at 323 K (τ T = 0.1 ps). The other simulation parameters were the same as in the simulations described above. The initial configuration for these AA/CG simulations was taken from our previous study, in which we back-mapped a CG WALP23 peptide embedded in a CG bilayer comprised of 368 DPPC and 224 cholesterol molecules to the underlying atomistic representation. 23 Water and cholesterol molecules were removed from this system, and the DPPC lipids (but not the WALP23 peptide) were reconverted to the MARTINI-CG representation. The resulting system was rehydrated with CG water, taking care that no water was introduced in the hydrophobic interior of the bilayer. The resulting hybrid AA/CG system was subsequently energy minimized (1000 steps steepest descent) and simulated for 10 ns with harmonic position restraints (force constant 1000 kJ mol
) on the WALP23 atoms, during which the box dimensions were allowed to relax (semi-isotropic pressure coupling). Finally, 60-ns simulations were carried out at the AA/CG level.
The mechanosensitive channel of large conductance (MscL) senses tension in the cell membrane. MscL has been extensively studied using both atomistic and coarse-grained MD simulations. 101−107 Simulating an atomistic MscL in a CG environment would enable resolution of the atomistic details of MscL gating without the computational overhead of an AA environment. For our hybrid MscL simulations an atomistic MscL was immersed in a CG lipid bilayer composed of 369 DOPC lipid molecules and solvated by 7109 CG water beads. Additionally, for the simulations that included ions, ∼100 mM NaCl was added by replacing randomly selected water beads with 51 Na + and 66 Cl − CG-MARTINI ions. The MscL structure used was the closed state crystal structure from Mycobacterium tuberculosis (PDB 2OAR) 108 with the water exposed C-terminal helix (Glu104 to Asn125) removed. Cterminus deleted MscL channels have been shown to be functional in vitro. 109 The simulation parameters were the same as for the WALP peptide, except the bath temperature was set to 303 K with a time constant of τ T = 1.0 ps and τ p = 3 ps for the pressure coupling. The MscL structure was energyminimized in vacuo (500 steps steepest descent), and CG DOPC lipid molecules were placed on a grid surrounding the MscL, spaced 0.65 nm apart (in the plane of the bilayer). CG water beads (and ions) were also placed on a grid, filling the simulation box, excluding space already filled with the protein, lipids, and a 3 nm slap defining the bilayer hydrophobic core. The resulting system was energy minimized (500 steps steepest descent). Then, the CG particles were relaxed with harmonic position restraints on the MscL heavy atoms (force constant 1000 kJ mol −1 nm −2 ), starting with 20 ps NVT MD simulation using a 1-fs time step, followed by another 20 ps with pressure coupling, and then 2 ns with a 2-fs time step. Finally, free (i.e., unrestrained) MD simulations for each MscL system were carried out for 100 ns in the NPT ensemble.
To generate multiscaled structures and topologies for proteins, here in particular for MscL, several options were added to the recently introduced program, martinize.py, 110 for building MARTINI coarse-grained structures and topologies. When used for multiscaling, the program will generate the virtual CG sites that correspond to the atomistic structure, together with the AA/CG mapping. These can be added to the structure and topology, respectively, to generate the multiscale model. For further facilitation, an additional shell script was written, containing a complete protocol for automated coarsegrained and multiscale simulations, taking care of the bookkeeping involved in merging the atomistic structure with the virtual sites. This program, called martinate.sh, is the equivalent of the atomistic simulation protocol powering the Figure 2A ,B. Although Na + /Cl − may be considered a rather simple case, it is a challenge for our AA/CG model, because the high charge density due to the localization of a full point charge on a single atom can be expected to strongly polarize the surrounding CG water molecules.
The PMFs from the fully AA and CG simulations are shown in Figure 2A (inset). In SPC/E (black curve), the contact minimum at a distance of 0.25 nm is separated by an energy barrier (desolvation peak) at 0.35 nm from the solventseparated minimum at 0.5 nm. The relative free energies are −8.0, +5.0, and −4.0 kJ/mol, respectively (see Supporting Information Table S1 for relevant maxima and minima of all PMFs). These energies are reasonable, taking into account that different combinations of atomistic ion and water force fields yield slightly different PMFs. 88, 112, 113 The PMFs from the fully CG simulations (green, PW; magenta, BMW) are similar to the atomistic PMF in that a contact minimum is separated from a solvent-separated minimum by a barrier. The main difference between AA and CG ions is their size: A CG Na + or Cl − ion effectively represents an AA ion with its first solvation shell. Consequently, in the CG PMFs, the location of the first minimum at 0.5 nm corresponds to the second (solventseparated) minimum in the AA PMF. Furthermore, in CG water, the PMFs display a number of secondary peaks up to long distances. This overstructuring is due to the size of the CG water (one CG water bead represents four atomistic water molecules), and is slightly worse in PW than in BMW, because the former uses a LJ potential with a steep r −12 term for the Pauli repulsion, as compared to the softer Born−Mayer− Huggins potential used for the latter. 73 The higher barriers are due to the solvent granularity, which may be reminiscent of depletion forces known from colloid and polymer systems, and are also observed in the hybrid AA/CG simulations (see below).
We now turn to the hybrid AA/CG model. We found that the PMFs are very sensitive to the coupling between AA and CG subsystems, determined by the relative dielectric constant ε r (AA−CG). In PW, full coupling between AA and CG subsystems (ε r = 1) leads to a repulsive PMF at intermediate distances and a high-energy minimum at 0.25 nm (Figure 2A , red curve). Weakening the electrostatic interactions between solutes and solvent gradually lowers the energy of both the minimum and the barrier. With ε r (AA−CG) = 1.25 (brown curve), the location and energy of the contact minimum roughly corresponds to that in SPC/E; however, a high and broad barrier separates it from the dissociated state. The barrier height is further lowered with increasing ε r . At ε r (AA−CG) = 1.5 (gray), the free energies of the barrier and minimum are 13 and −145 kJ/mol, respectively. As a simple LJ fluid, standard MARTINI water cannot screen the Coulomb interactions, leading to a vacuumlike behavior with a very strong attraction of about −400 kJ/mol (green). Of course, this could be remedied by applying a (uniform) ε r (AA−AA) > 1. However, as also shown below, such a primitive electrolyte model is not of general use 113 and was thus not further explored here. The PMFs in BMW ( Figure 2B ) are qualitatively similar to those in PW. The well depths and barrier heights strongly depend on ε r (AA−CG), with weaker coupling corresponding to lower minima and barrier energies (the barrier vanishes for ε r ≥ 1.2). A minimum with an energy corresponding to the PMF in SPC/ E can be obtained with ε r (AA−CG) < 1; however, this leads to a very high energy barrier (data not shown).
Taken together, for Na + /Cl − , the PMFs from the hybrid AA/ CG simulations are very different from the PMFs obtained from the fully AA and CG simulations. In general, the PMF between two solute molecules not only reflects the direct interaction between them, but is also affected by multibody contributions due to solute−solvent and solvent−solvent interactions, i.e., the solvent response to a particular solute configuration. In our AA/CG simulations, at small ε r (AA−CG), the atomistic ions overpolarize the surrounding CG water molecules, leading to the observed high and broad barriers. This cannot be remedied by increasing ε r , because that yields too deep minima. Thus, it appears that it is not possible to match the AA/CG PMFs with the reference PMFs through ε r (AA−CG) as the only adjustable parameter. It should be noted that, in terms of their LJ radii with respect to the solvent (but not with respect to each other), the ions represent CG ions; i.e., the surrounding solvent molecules cannot closely approach the ions. It would thus appear reasonable in this case to implicitly account for the dielectric screening within the excluded volume through using ε r (AA−AA) > 1. However, we did not further explore this possibility here, because the aim of studying the Na + /Cl − ion pair was not primarily to obtain a quantitative agreement with the AA simulations, but rather to explore the general behavior of the hybrid AA/CG model, as a basis for the subsequent study of molecular ions (for which such excluded volume effects should play a minor role).
To test our hypothesis that dielectric overpolarization, and not the cavity around the small ions, is the main contribution to the observed features in the PMFs, we calculated the PMF of atomistic NaCl in PW with the charges on the Na and Cl atoms set to zero. The resulting PMF ( Figure 3B , orange curve) has a relatively shallow contact minimum at 0.3 nm (−6.0 kJ/mol) and a broad maximum at 0.65 nm (+3.1 kJ/mol), confirming that the large absolute energies of the minima and maxima observed in Figure 2A are indeed due to the electrostatic response of the CG water molecules. Interestingly, the energy of the contact minimum of the neutralized ions is of similar magnitude as the respective minimum for charged NaCl in SPC/E ( Figure 3B, black) . Whereas the latter is due to electrostatic attraction, the former arises from the (weak) dispersion attraction and possibly depletion forces due to the missing pressure compensation at solute−solute distances smaller than the size of a single CG solvent molecule.
Lys + /Glu − . Figure 2C shows the PMFs between the charged side chain analogues of Lys (n-butylammonium cation) and Glu (propionate anion). The polarization of the solvent is expected to be weaker than for Na + /Cl − , since the total charge is distributed over several atoms in these molecular ions and the magnitude of the partial charge on any individual atom is smaller than 1. Nevertheless, for ε r (AA−CG) = 1, the AA/CG The Journal of Physical Chemistry B + and Asp − . In addition to using the PW and BMW CG water models in the hybrid scheme, we also calculated the PMF of the Lys + / Glu − pair using the AA/CG model suggested by Riniker and co-workers, 54, 56 which involves using a CG dipole water model representing five water molecules 55 with ε r (CG−CG) = 2.5 and ε r (AA−CG) = 2.3 (this water model is referred to as the big dipole water (BDW) model). AA−CG Lennard-Jones interactions were described using the standard mixing rules. As shown in Figure 3A (dashed brown curve), this model yielded an unphysically deep minimum at −155 kJ/mol due to the rather weak electrostatic coupling between AA and CG subsystems. Figure 3A also shows the PMFs obtained with the standard Lennard-Jones MARTINI water model in combination with uniform dielectric permittivities of ε r = 15 (i.e., the value used in the MARTINI CG force field) and 78, respectively. Although the PMF with ε r = 78 matches the fully atomistic one reasonably well, this approach cannot be applied to large molecules with anisotropic charge distributions such as proteins, 114 as also shown below. Glu
The PMF between two Glu
− anions is shown in Figure 2D . For the hybrid AA/CG simulations in PW and BMW, ε r (AA−CG) = 1.45 and 1.1 were used, respectively, because these yielded the most reasonable PMFs for Lys + / Glu − . Figure 2D (inset) shows that the expected repulsion is observed in the fully atomistic and CG simulations. The hybrid AA/CG PMF in PW, however, displays an unphysical double minimum ( Figure 2D , red curve). In this simulation, two coarse-grained Na + counterions were added to neutralize the charge of the simulation box. Closer analysis revealed that, at the distances corresponding to the minima, one of the two CG Na + counterions was binding to the atomistic Glu − /Glu − complex over extended time periods of several hundred picoseconds, which was not observed in SPC/E. To investigate this too strong counterion binding, the PMF was recalculated in the absence of counterions, i.e., for a system with net charge −2e (dashed red curve). To test the effect of the net charged simulation box, 115−118 we also repeated the fully atomistic PMF calculations in the absence of counterions (dashed black curve). The PMFs from the AA simulations with and without counterions are comparable, with the counterions stabilizing the high negative charge density in the Glu − /Glu − complex by up to ca. 2 kJ/mol for close Glu − /Glu − distances. Thus, the net charge of the simulation system only rather weakly influences the PMFs and, in particular, does by itself not change the overall shape of the profiles. In the PW AA/CG system, the minimum at 0.8 nm vanishes in the absence of Na + counterions, but the one at 0.5 nm persists (compare dashed and solid red curves). A minimum is also observed in the AA/CG PMF in BMW (violet curves). The main conclusion is that the artificial minima in the AA/CG PMFs are not due to the presence or absence of counterions, but rather are due to an unphysical response of the CG solvent to the atomistic solutes. Repulsive PMFs can be obtained by increasing ε r (AA−CG) (data not shown). However, this led to a strong overstabilization of like/ unlike charge ion pairs, as described above. Similar binding of ions of like charge is expected not only for the Glu − /Glu − pair, but also for other species. Although not systematically investigated here, this effect is probably the worse the larger the magnitude and the more localized the charge.
Ser/Ser. Figure 4A shows the PMFs between two atomistic Ser side chain analogues (methanol molecules). The fully atomistic PMF (black curve) displays two minima at short distances and a very shallow barrier at 0.6 nm (+0.8 kJ/mol); see also Table S1 in the Supporting Information. The first minimum in the PMFs from the simulations at the fully CG level (Figure 4A , inset; green and magenta for PW and BMW, respectively) is located at a slightly too large distance. In PW, the minimum is somewhat too deep, whereas in BMW, it is only a local minimum that is even higher in energy than the dissociated state. The PMFs from the hybrid AA/CG simulations have deep minima at 0.325 nm, which are separated from the dissociated state by a barrier. The free energies of the minima are −20.1, −15.1, and −22.0 kJ/mol in PW, BMW, and standard MARTINI water, respectively. The height of the desolvation barrier depends on the water model and varies from +2.5 kJ/mol in standard MARTINI water to +5.0 kJ/mol in BMW. Motivated by the small size of the Ser side chain, we attempted to fine-tune the PMFs by changing the LJ parameters between the virtual CG sites and the CG water. The LJ interaction between the CG virtual site (MARTINI particle type P 1 ), located at the center of mass of the atomistic Ser particles, and the water beads was changed to a small-type MARTINI interaction; i.e., the radius σ LJ was reduced from 0.47 to 0.43 nm, and the well depth ε LJ was scaled by 75%. 49 These changes shifted the energies of the minimum and energy barrier by ca. +5 and −2 kJ/mol, respectively (dashed orange and violet curves in Figure 4A ), bringing the AA/CG PMFs closer to the fully atomistic ones. Interestingly, the PMF obtained with the AA/CG model of Riniker et al. 54, 56 has a shallow minimum at −3.6 kJ/mol and a very low barrier (dashed brown curve), in agreement with the fully atomistic PMF.
NMA/NMA. The PMFs between two NMA (n-methylacetamide) molecules are shown in Figure 4B . The fully atomistic PMF (black curve) has a shallow minimum around 0.45 nm (−3.0 kJ/mol). As discussed below, fully CG PMFs were not calculated due to the dependence of the backbone bead type on the secondary structure in the MARTINI model. The hybrid AA/CG PMF in PW (red curve) has a low-energy minimum at 0.45 nm (−10.8 kJ/mol) and a barrier at 0.75 nm (+1.0 kJ/ mol). As opposed to Ser/Ser, where the PMFs in PW and BMW are quite similar ( Figure 4A ), for NMA, the PMF in BMW (violet curve) displays a very broad minimum and a long-ranged attractive tail up to a distance of about 0.9 nm. The missing dielectric screening in standard (Lennard-Jones) MARTINI water leads to a strong attraction (green curve), although the effect is less strong than for the ionic species (see above), as expected. The PMF obtained from hybrid simulations with the BDW model (dashed brown curve) quite closely agrees with the fully atomistic PMF.
In the MARTINI CG force field, the particle type of the amino acid backbone beads depends on the secondary structure. 70 We chose an N 0 type bead for the CG virtual site on NMA, an intermediate polarity that is commonly used for the backbone of α-helices. Although the choice of a different bead type would slightly change the PMFs, the basic features remain largely unaffected. It is desirable to overcome the limitation of secondary structure dependent bead types for simulations in which secondary structure changes occur; however, this is beyond the scope of this work.
Phe/Phe. Figure 4C shows the PMFs between two toluene molecules (representing Phe side chains). The fully atomistic PMF in SPC/E (inset, black curve) has a minimum at 0.55 nm (−2.7 kJ/mol) and a low-energy barrier at 0.8 nm (+0.3 kJ/ mol). This PMF is very similar to the benzene−benzene PMF reported by Villa and co-workers. 119 The PMFs from the fully CG simulations are also shown in the inset (note that toluene and benzene are identical at the CG-MARTINI level). The PMF in PW (green) has a slightly too deep minimum at the correct distance of 0.55 nm (−6.3 kJ/mol). A barrier at 0.9 nm (+1.5 kJ/mol) separates it from the secondary minima. In BMW (magenta), however, the contact minimum has a higher energy than the secondary minima, similar to the molecule pairs described above. The first minimum in the PMF from the hybrid AA/CG simulations in PW ( Figure 4C , orange curve) quite closely matches the one in the fully atomistic PMF. The minimum is slightly lower (−3.5 kJ/mol) and the barrier slightly higher than in the atomistic case due to the granularity of the water model. For apolar solutes such as Phe, ε r (AA−CG) does not matter much, and the PMF in standard MARTINI water (green) is thus very similar to the one in PW. The PMF from the hybrid AA/CG simulations in BMW (violet) is similar to the fully CG PMF in that the first minimum is too high in energy. The minimum obtained with the BDW model is at −1.75 kJ/mol (dashed brown curve). Interestingly, despite the granularity of this water model (representing five atomistic water molecules), the desolvation energy barriers are as low as in atomistic solvent. Similarly low energy barriers with BDW were also observed for Ser/Ser and NMA/NMA; see above.
The Journal of Physical Chemistry B Val/Val. Figure 4D shows the PMFs between two Val side chain analogues (propane molecules). The fully atomistic Val/ Val PMF (inset, black curve) is similar to Phe/Phe ( Figure 4C ), in terms of both the locations and relative free energies of the minima and maxima. As for Phe/Phe, the PMFs obtained at the fully CG level are different in PW (green) and in BMW (magenta). In PW, the first minimum is energetically too low compared to the fully AA level, whereas in BMW it is again too high in energy relative to the solvent-separated minima. The contact minima in the PMFs from the hybrid AA/CG simulations in PW ( Figure 4D , orange curve) and in standard MARTINI water (green) are too deep compared to the atomistic level. These two PMFs are the same (within statistical errors) in this case, since united-atom aliphatic CH n groups do not carry a partial charge in the Gromos 53A6 force field. The hybrid AA/CG PMF in BMW (violet) again has a too high energy of the first minimum. The AA/CG PMF in BDW water (dashed brown curve) again quite closely matches the fully atomistic one.
To summarize the results from the PMF calculations, the investigated electrostatic coupling AA/CG schemes did not provide a reasonable energetic description of the dimerization of charged molecules in water. For polar molecules, the situation is slightly better, in particular with the BDW water model, 54−56 although this AA/CG model most severely overestimated the binding of the Lys + /Glu − pair (by ca. 150 kJ/mol). For the investigated apolar molecules, AA/CG PMFs can be close to the fully AA level. In BMW water, the relative free energy of the contact minimum is higher than of the solvent-separated minima. This qualitative discrepancy with the atomistic PMFs was observed not only in the AA/CG simulations with the BMW model, but also at the fully CG-BMW level.
Free Enthalpies of Solvation. In Table 1 and Figure 5 , the calculated free enthalpies of solvation of uncharged amino acid side chain analogues in CG water and CG butane are compared to experimental data. 120 The mean absolute error (with respect to experiment) of the partitioning free enthalpy, ΔΔG, between water and apolar solvent is 7.1 and 11.0 kJ/mol for the hybrid simulations with the PW and BMW models, respectively. The corresponding errors from the fully CG simulations are 2.7 and 5.1 kJ/mol in PW and BMW, respectively. When interpreting these errors, one has to take into account that the experimental data in apolar solvent were measured not in butane but in cyclohexane; however, the difference can be expected to be small. The solvation free enthalpies from the fully CG models reported in Table 1 quantitatively agree with published data. 72, 74 Notably, the accuracy of the partitioning free enthalpies, ΔΔG, predicted by the fully coarse-grained PW MARTINI model is comparable to fully atomistic models, 95 although this partly results from compensation of errors (see below). The accuracy of the hybrid AA/CG models cannot rival that of the fully AA or CG models, although significantly better results are obtained for apolar solutes than for polar solutes. Compared to the fully CG models, the hybrid AA/CG model tends to yield larger absolute solvation free enthalpies of polar solutes in water. This can be explained by the additive AA/CG coupling scheme: Solute−solvent Coulomb interactions are added to the CG Lennard-Jones interactions, which, owing to the CG parametrization, already implicitly include some electrostatic contribution. An additional difference between measured and calculated partitioning free enthalpies is due to the entropy loss inherent with removing degrees of freedom upon coarsegraining. 121 This effect is less pronounced at the fully CG level, where an entropic contribution is implicitly incorporated into the CG potentials.
A closer look at some individual molecules can provide deeper insights into the partitioning behavior. Two illustrative examples are the polar Asn and Gln side chains. The AA/CG a All values in kJ/mol. Statistical errors are <2 kJ/mol. In the hybrid AA/CG simulations in water, ε r (AA−CG) = 1.45 and 1.1 were use for PW and BMW, respectively. Abbreviations: aq = water; ex = experiments by Radzicka and co-workers; 120 bu = butane; ch = cyclohexane. simulations yielded free enthalpies of hydration of −47.5 and −41.6 kJ/mol for Asn and Gln in PW, respectively, in favorable agreement with experiment. 120 In apolar butane solvent, however, the ΔG of +2.2 kJ/mol is considerably too positive compared to experiment (−12.7 and −16.1 kJ/mol for Asn and Gln, respectively), resulting in large errors in ΔΔG. At the fully CG level, errors compensate, since the solvation free enthalpies in both water and butane are too positive (ΔG bu (AA/CG) and ΔG bu (CG) are the same within the statistical errors, since there are no electrostatic solute−solvent interactions in this case). Noticeable are also the very negative AA/CG solvation free enthalpies of Asn and, even more so, Gln in BMW. These are due to the very strong electrostatic interactions between the solutes and the large charges on BMW (+1e and −2e on the satellite and central particles, respectively).
Aromatic side chains are also worth discussion. Phe is apolar, and thus the free enthalpies from the AA/CG simulations and the fully CG simulations are similar. Solvation of Phe in PW is too favorable compared to experiment. Although this is compensated by a too negative ΔG also in apolar solvent, the latter is much too favorable in this case, and the resulting ΔΔG thus deviates from experiment by 8 kJ/mol. To improve this, in the new MARTINI v.2.2 parameter set 110 the CG particle type of benzene (and thus Phe) was changed from SC4 to SC5, yielding a ΔΔG of +10 kJ/mol that is in good agreement with experiment. In the BMW-MARTINI model, 74 the LJ interaction between the SC4-type CG beads comprising the Phe side chain and the BMW beads is scaled by 71% compared to the original MARTINI model. This reduction brings the free enthalpy of hydration closer to the experimental value. However, since the LJ interaction between Phe and the C1-type particles of the CG butane is scaled by only 90% in BMW-MARTINI, 74 error compensation is worse than in PW, and the deviation of ΔΔG from experiment is rather large (ca. 14 kJ/ mol). These effects, which are also observed for the other aromatic side chains Trp and Tyr (see Table 1 ), explain why, in terms of partitioning free enthalpies ΔΔG, PW-MARTINI agrees more favorably with experiment than BMW-MARTINI does ( Figure 5) .
Small Soluble Proteins. The next test for our AA/CG hybrid model was to investigate small soluble proteins in water. For this aim, the GCN4-p1 peptide and ubiquitin were chosen as test systems. Figure 6A compares the secondary structure of the GCN peptide during the hybrid AA/CG simulation in PW (upper panel) and the fully atomistic simulation in SPC water (lower panel). In the hybrid simulation GCN adopted a very stable α-helical structure, in particular the N-terminus, whereas in SPC water both α-and π-helices were observed, with several structural transitions between them on the 100-ns time scale. Close inspection of the trajectories revealed that, in the hybrid AA/CG simulation, a salt bridge was established between Glu22 and Arg25, which was stable throughout the entire 100-ns simulation time ( Figure 6B , green and blue curves). In addition, a hydrogen bond formed between Tyr17 and Glu22, which also persisted throughout the entire simulation. These overly stable interactions, which locked the peptide in the α-helical conformation, were also observed in an additional 100-ns hybrid AA/CG simulation of the GCN peptide in BDW, i.e., the model of Riniker and co-workers 56 (data not shown). By contrast, in SPC water no such stable interactions were observed ( Figure 6B , black and red curves). Although transient salt bridges and hydrogen bonds between the respective side chains were also observed in this fully atomistic simulation, none of the individual interactions was established for extended periods of time, hence allowing for a much higher structural flexibility. The observed transitions between α-and π-helical conformations agree with other all-atom simulation results. 122, 123 For ubiquitin, Figure 7 shows that, during the hybrid MD simulation in PW water with ε r (AA−CG) = 1.45, the protein deviated from its starting structure, as evidenced by a Cα rootmean-square deviation (rmsd) larger than 0.4 nm after 10−20 ns (cyan curve). Interestingly, using ε r = 1.75 increases the structural stability of the protein: The Cα rmsd is 0.3 nm after 50 ns (red curve), similar to the structural deviation observed during the fully atomistic simulation (black curve). In addition to the simulations in PW water, we also carried out the respective hybrid AA/CG simulations using the standard (uncharged) MARTINI water model. Since the water cannot explicitly screen the AA−AA electrostatic interactions in this case, a uniform dielectric permittivity, ε r , was used, which was systematically varied between 1 and 78. A total of 14 simulations with different values of ε r were carried out. In all cases, a rapid (<10 ns) increase of the Cα rmsd concomitant with a loss of secondary structure was observed (data not shown), highlighting that a simple uniform dielectric permittivity is not appropriate in the context of our hybrid AA/CG model.
To obtain a more detailed view, the secondary structure was analyzed. Figure 8 shows that the structural elements of ubiquitin are reasonably well preserved during the hybrid simulation in PW (upper panel) compared to the simulation in SPC (lower panel), although in particular the N-terminal β-sheets appear less stable during the last 20 ns. This structural stability may be considered surprising in light of the above PMF and partitioning data. Close inspection of the simulation revealed that charged and polar residues on the protein surface formed overly stable salt bridges and hydrogens bonds that, after having formed at the beginning, did not break up again in the course of the simulations, similar to the too stable interactions observed for the GCN peptide; see above. Similar results were obtained with the hybrid AA/CG model suggested by Riniker and co-workers 125 (data not shown). These interactions would need to break up to allow for structural rearrangements, and hence the observed stability can be explained by kinetic trapping of the protein structure in a too deep energy minimum.
Membrane-Embedded Systems. Next, we applied our hybrid AA/CG model to a transmembrane segment that is completely buried in the lipid bilayer, i.e., one that does not have water-soluble parts. To this aim, we simulated an α-helical WALP23 peptide embedded in a CG DPPC bilayer. Simulations with the PW, BMW, and standard MARTINI water models, respectively, were carried out, and the secondary structure of the peptide was analyzed. Figure 9A shows the final snapshot (after 60 ns) from the simulation of the WALP23 peptide in PW. The α-helix was very stable during the simulations, irrespective of the water model used, with an average helicity (averaged of the last 40 ns of the simulation) of >85% for all three CG water models.
Finally, a C-terminus deleted MscL embedded in a DOPC bilayer was simulated; see Figure 9B . Hybrid AA/CG simulations were carried out using CG DOPC with the PW or standard MARTINI water models, both with and without the addition of CG counterions. As a reference, we also carried out a fully atomistic simulation of the same system (using the Gromos 54A7 parameter set 123 for MscL and DOPC, and the SPC water model). Contrary to WALP23, the C-terminus deleted MscL has a number of water-accessible residues. In addition, water can enter the channel pore. In PW, both with and without CG ions, the overall structure was largely maintained, comparable to the fully atomistic simulation ( Figure 10 ). As expected from the PMFs (Figure 2 ), in the simulation with mobile counterions, the CG ions bonded to strongly to charged AA side chains, and the zwitterionic DOPC lipids stuck too much to the protein. In standard MARTINI water, both with and without CG ions, a rapid loss of secondary structure was observed during the first few nanoseconds of the simulations (data not shown), starting with residues that are exposed to water.
General Discussion. We found that the applied hybrid AA/CG models can yield reasonable results for apolar solutes in water and for solutes in an apolar environment. Charged and polar solutes in water, however, still represent a major challenge. This may be due to the nature of the CG water models used: Just like other CG water models, 55, 80, 81 the polarizable PW 72 and BMW 73 models were parametrized to reproduce properties of bulk water, in particular the density and the relative static dielectric permittivity. However, by construction, these CG models cannot provide a realistic physical description of local, short-ranged interactions that play a dominant role close to interfaces (or molecular surfaces), such as hydrogen bonding and first solvation shell effects. In this respect, CG and AA models may be considered inherently incompatible. A possible remedy could be to introduce explicit hydrogen bonding energy terms, which however would require extensive (re)parametrization.
The structure of the studied atomistic proteins (or polypeptides) embedded in a polarizable MARTINI CG environment was largely preserved on the 50−100 ns time scale, despite the observed profound differences between the hybrid simulations and the fully atomistic simulations in terms of the PMFs and partitioning free enthalpies, in particular for the charged/polar species. Although we only studied a handful of different systems, and we thus cannot generalize for all possible protein structures, the too deep minima and too high barriers observed in the side chain−side chain PMFs as well as the too stable salt bridges and hydrogen bonds observed in the protein simulations strongly suggest that the structures are trapped in local minima, and deviations would thus occur only on much longer time scales. This overstabilization results from an increased stability of protein−protein contacts in the absence of the possibility to form hydrogen bonds to the solvent.
One of the major aims of multiscale modeling is to reduce computational cost. Using the WALP23/DPPC system as a benchmark, we found that the simulations with our hybrid AA/ CG model were faster by factors of 8 and 12 in PW and standard MARTINI water, respectively, compared to a simulation of the same system at the fully AA level (these simulations were carried out on four CPU cores using MPI parallelization, with the same settings for the nonbonded interactions to ensure comparability). Multiple time step integration would yield a substantial additional gain, since the CG degrees of freedom need to be updated less frequently than the atomistic ones. The computational efficiency of such hybrid simulations can be compared to implicit solvation models. However, for many systems, an explicit particle-based description is desirable, e.g., for (multicomponent) lipid membranes, which are characterized by a heterogeneous distribution of functional groups. An obvious approach for improving the behavior of proteins or other solutes in hybrid simulations is to introduce layers of atomistic solvent around the solute, thus shifting the AA/CG interface away from the molecule of interest. 126 Riniker and co-workers found that a water layer of thickness 0.8 nm suffices for this purpose. 125 However, such an approach significantly reduces the achievable computational speedup with respect to fully atomistic simulations, especially when minimal-volume boxes are employed. 127 In our view, for a hybrid model to be really useful for and widely accepted by the scientific community, it should provide a significant speedup with respect to the corresponding fully atomistic simulation to justify the inherent and probably unavoidable loss in accuracy. Such an efficiency gain would ensure that the model allows one to explore time and length scales that are out of reach for atomistic simulations.
■ CONCLUSIONS
In this study, we derived and critically tested efficient hybrid AA/CG models for biomolecular simulations that explicitly incorporate electrostatic interactions between AA and CG subsystems. Atomistic solutes, described with different parameter sets of the Gromos force field, 75−77 were solvated in a CG environment that was modeled with the MARTINI force field. To enact electrostatic coupling between AA and CG subsystems, we employed two recently developed MARTINI water models with explicit electrostatic interactions, the polarizable water (PW) model 72 and the BMW model. 73 The strength of the electrostatic coupling between AA and CG was adjusted through the relative dielectric permittivity ε r (AA− CG). In addition, the CG dipole water model of Riniker and co-workers 54−56 was used. Potential of mean force (PMF) calculations revealed significant differences between the hybrid simulations and the fully AA or CG simulations for pairs of charged molecules in water. For the studied systems, a satisfactory agreement between atomistic and hybrid PMFs could not be obtained by varying ε r (AA−CG). However, for apolar solutes, and partly also for polar ones, the hybrid AA/ CG PMFs were more similar to the fully atomistic results. The hybrid AA/CG partitioning free enthalpies of uncharged amino acid side chains between butane and water deviate more strongly from experiment than both the fully atomistic and CG results, with better agreement for apolar than for polar side chains.
Comparing the PW-MARTINI and BMW-MARTINI models at the fully CG level revealed that the side chain− side chain PMFs in PW are similar to the fully atomistic simulations. The BMW model yielded contact minima that are too high in energy compared to the solvent-separated minima for all side chain pairs studied. The partitioning free enthalpies obtained with the PW model at the fully CG level agree almost as well with experimental data as fully atomistic models. Despite the described limitations of the hybrid models, the structures of atomistic solutes embedded in a CG environment, such as the GCN peptide and ubiquitin solvated in polarizable MARTINI CG water, a single transmembrane α-helix embedded in a CG DPPC bilayer, and a truncated mechanosensitive channel in a CG DOPC bilayer, were largely maintained during 50−100 ns AA/CG MD simulations. These results reflect an overstabilization due to too deep energy minima and highlight the importance of analyzing not only structural but also thermodynamic data when evaluating a model. In conclusion, the aim of this work was not to put forward a complete and ready-to-use AA/CG model for biomolecular simulations of various systems, but to highlight challenges that will need to be addressed in the future when developing hybrid models that can ultimately rival the established atomistic simulations.
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